Purpose: A critical early step in the establishment of Escherichia coli pyelonephritis is bacterial attachment via the tip protein of P fimbriae. This adhesin, PapG, binds to glycolipid receptors present on vaginal and kidney epithelial surfaces. In this study we investigated the efficacy of vaccination with purified PapDG protein complex in preventing pyelonephritis caused by E. coli.
The singular importance of bacterial adhesion to uroepithelial cells in the pathogenesis of urinary tract infection was clearly established during the last 25 years. [1] [2] [3] [4] The binding of P fimbriae of Escherichia coli to receptors in the kidney is essential for the initiation of pyelonephritis. 5 P fimbriae adhere to Gal-␣-1,4-Gal containing receptors expressed by erythrocytes as well as by cells from the urinary tract of primates, including humans. 6, 7 Antibodies to P fimbriae prevented adherence of P fimbriated E. coli to cultured uroepithelial cells and a purified bacterial P fimbrial vaccine decreased bacteriuria and protected against pyelonephritis in adult monkeys following urethral bacterial inoculation. 8 Infant monkeys of mothers vaccinated with P fimbriae during pregnancy were protected from pyelonephritis when these infants were given a bladder inoculation of E. coli. 9 P fimbriae are composite structures, each composed of a rigid fiber made up of the major subunit protein PapA and terminating in a flexible tip fibrillum. 10 The periplasmic chaperone PapD ferries pilus subunits via the outer membrane usher PapC to the developing pilus. The adhesin PapG, located at the distal tip of the pilus, is specific for 1 of 3 types of globoside receptors present in the urothelium. 11, 12 Most human pyelonephritic isolates of E. coli express P fimbriae of class G-II, which bind to globotriaosylceramide (GbO4) receptors in the primate kidney. 13 Isogenic papG mutants lacking the tip adhesin were unable to cause pyelonephritis in a monkey model system. 5 Therefore, we hypothesized that vaccination of primates against PapGII would provide protection against bacterial colonization of the kidney by uropathogenic E. coli, thereby, preventing pyelonephritis. In the current study PapG conjugated to its chaperone PapD was used in a vaccination strategy in cynomolgus monkeys. After a schedule of intraperitoneal inoculations with PapDG vaccine immunized monkeys showed protective humoral antibodies against P fimbrial components. Vaccinated monkeys did not show histological evidence of pyelonephritis following subsequent urethral challenge with uropathogenic P fimbriated E. coli.
MATERIALS AND METHODS
Animal care. Adult female cynomolgus monkeys (Macaca fascicularis) were arbitrarily divided into 2 groups, including 5 in the control group and 6 in the experimental group. They were housed individually and given free access to water and food. Experimental procedures were performed with the animals under ketamine anesthesia.
Preparation of vaccines. PapD and PapG were expressed from E. coli strain C600 transformed with plasmids pLS101 (papD) and ptrCGII (papGII). PapDG complexes were purified in an equimolar ratio from periplasmic fractions and purified to greater than 99%, as previously described. 14 The PapDG protein complex was dissolved in aluminum phosphate solution (as an adjuvant) adjusted to a pH of 7.5 with sodium acetate.
Experimental infection. The E. coli strain DS17 (O6:K5: H Ϫ ), which was isolated from a child with acute pyelonephritis, expresses P fimbriae of class II. 15 Experimental monkeys were inoculated with 100 l of a suspension containing 1 ϫ 10 9 E. coli DS17/ml by urethral catheterization. The catheter was slowly inserted until bladder urine flowed and then withdrawn 1 cm to inoculate the urethra.
Immunology and microbiology. Blood was taken monthly for antibody studies during vaccination programs, and weekly for antibody studies and leukocyte counts after bacterial challenge. After vaccination serum antibody titers were determined using enzyme-linked immunosorbent assay (ELISA) with PapDG protein as the coating antigen. Following infection urine samples were obtained weekly by catheter, plated to blood agar and incubated at 37C to monitor for bacteriuria.
Pathological evaluation. At 28 days after infection animals were given an overdose of barbiturates, and the kidneys, ureters, bladder and urethra were collected aseptically. The kidneys were weighed and samples were taken for culture and histological examination. A standard section was taken through the mid portion to contain the cortex, medulla and papilla. Cross sections of the ureter and bladder were taken. Tissues were fixed in buffered formalin before hematoxylin and eosin staining. Slides were evaluated by a veterinary pathologist blinded to monkey vaccination status. Acute pyelonephritis is associated with a marked inflammatory exudate in areas of bacterial growth, tubular damage and death, and microabscess formation. The reparative response includes fibrosis, scarring and mononuclear cell infiltrate, especially in the subcapsular, pelvic and periglomerular regions. These findings are typical following untreated infection in our experimental model and they were considered to indicate chronic pyelonephritis. 5, 8, 9, 13, 16, 17 The kidney cortex and medulla were graded separately and scored as 0 to 4 with 4 being the most severe. Since this infection was urethral, the scores of the left and right kidneys were combined before comparing pathological findings in the control and vaccinated groups.
Statistics. Data were analyzed using Statistica software (Statsoft, Tulsa, Oklahoma). Pathology scores were subjected to a nonparametric 2 ϫ 2 chi-square test. Bacteriuria was evaluated by multiple chi-square log linear scoring and antibody titers were assessed by ANOVA.
RESULTS

Antibody responses to native infection with P fimbriated E.
coli. The antibody response to specific bacterial components after pyelonephritis was measured in a cynomolgus monkey model system. After the induction of satisfactory anesthesia control monkeys (vaccinated with phosphate buffered saline) were infected intraurethrally with 100 l of a suspension of 10 9 E. coli DS17/ml. Antibody titers to PapDG and to whole E. coli DS17 P fimbriae were measured by ELISA at multiple time points. P fimbriae were isolated and purified from E. coli, as previously described. 8 There was no detectable IgA response in serum or urine. Serum IgG antibody titers to PapDG in unvaccinated monkeys ranged from 0 to 1:8,000 before infection. Three weeks following infection titers had increased in 4 of 5 monkeys, now ranging from 1:2,000 to 1:256,000 ( fig. 1, A) . Similarly, serum IgG antibody titers to whole DS17 P fimbriae ranged from 1:2,000 to 1:16,000 before infection and from 1:8,000 to 1:256,000, 3 weeks after infection ( fig. 1, B) .
Responses to vaccination. PapG interaction with globoseries glycolipids in the kidney is critical for the initiation of E. coli pyelonephritis and many commensal E. coli strains do not express P fimbriae. Therefore, we hypothesized that PapG adhesin would be immunogenic and offer protection against pyelonephritis. Based on previous vaccination protocols we elected to begin vaccinations with a single intraperitoneal inoculation of 100 g purified PapDG protein. One month following this injection serum antiPapDG IgG titers ranged from 1:800 to 1:3,200 ( fig. 2) . After a 6-month hiatus experimental monkeys received additional monthly intraperitoneal injections (100 g) of PapDG vaccine for 3 months. ANTIBODY RESPONSES TO P FIMBRIAL VACCINE ranged from 1:2,000 to 1:128,000 ( fig. 2) . Thus, antiPapDG IgG serum antibody responses to the vaccine were measurable and comparable to those seen after primary infection in unvaccinated animals. These increases in antibody levels were significant at the 5% level on ANOVA.
Efficacy of the PapDG vaccine. Urine samples were obtained aseptically 0, 2, 7, 14, 21 and 28 days after infection. These samples were titered by plating serial dilutions on blood agar plates and enumerating colonies after overnight incubation. There was no significant difference in the proportion of control and immunized monkeys that were bacteriuric at any of the examined time points. In addition, control and vaccinated monkeys demonstrated an increase in peripheral blood leukocyte counts following infection with no significant difference between the groups (data not shown).
Following sacrifice at 28 days after infection the kidneys were cultured and found to be sterile in control and vaccinated animals. A standard section of the mid portion of each kidney was fixed and stained with hematoxylin and eosin. The cortex and medulla were scored separately on the previously described scale of 0 to 4. The table shows the number and proportion of histological sections with a score of 1 or greater for each pathological finding. Compared to vaccinated monkeys a significantly higher proportion of sections from control monkeys demonstrated neutrophilic infiltrate, scarring and interstitial fibrosis. Overall these histological changes suggesting pyelonephritis were observed in 22% to 33% of the sections from control monkeys and they were not observed in any sections from vaccinated monkeys. A mononuclear infiltrate, especially in the pelvic area, was seen in control and vaccinated monkeys but there was a trend toward more extensive mononuclear infiltrate in control monkeys (p not significant).
DISCUSSION
PapG adhesin is assembled on the distal end of P fimbriae and it mediates attachment to specific sugar moieties present in kidney tissue. 10 The glycolipids to which PapGII binds are found in humans and primates, arguing that the primate model system used in this study is valid. 6, 7 In a previous study the pyelonephritic E. coli strain DS17 with a mutation in papG was not able to colonize effectively or cause inflammation in the kidney. 5 Previous studies have shown that antibodies to P fimbriae inhibit the binding of E. coli to uroepithelial cells, suggesting a critical role for microbial adherence and in particular for PapG in the pathogenesis of human kidney infections. 8 The current finding that a PapDG vaccination regimen offered protection against pyelonephritis is consistent with this important role of PapG mediated adherence during kidney infection.
In the current study monkeys vaccinated by intraperitoneal administration of purified PapDG protein showed high IgG serum titers to PapDG. AntiPapDG titers following vaccination were in the range of those seen in naïve monkeys after E. coli urinary tract infection. Vaccinated monkeys were protected from pyelonephritis, as judged by a review of histological kidney sections.
After infection there were no differences between control and vaccinated animals in peripheral leukocyte counts or bacteriuria. Since bacterial adhesion may occur via several mechanisms, it is not surprising. Indeed, adhesion to uroepithelial cells by hydrophobic interaction, type 1 fimbriae and nonfimbrial adhesins has been shown to occur in vivo and in vitro. 13, 18 It is the probable explanation of continuing bacteriuria in the vaccinated monkeys in the current study as well as in previous studies of infection with E. coli DS17 papG deletion mutants. 5 Identifying attractive vaccine targets involves consideration of many factors. 1) A candidate antigen must be immunogenic. Our vaccination protocol using purified PapDG resulted in robust serum antibody titers against PapDG complex. 2) An optimal vaccine must target a bacterial factor important for virulence and PapG adhesin is firmly established in this regard. 3) By selecting an antigen expressed only by pathogenic organisms one can avoid disturbance of the commensal flora, such as E. coli resident in the primate gut. Our results support the important function of PapG in the pathogenesis of kidney infection and indicate that PapG merits further study as a candidate vaccine for pyelonephritis. 
